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Sri Lanka (and probably also southern India) harbours an unusually
high nuesber of rog species, e
genus Phi i try and account for the
exceptional radlai n in these (rogs these durect-developers would be
submitted to “familial”, rather than “individual”, mortality, which could
tend to increase allele fixation in isolated populations, Possible ways of
testing this hypothesis, which is neither supported nor rejected by meta-
taxonomic data (mean number of species per genus), are discussed. If
confirmed, this hypothesis could account, at least in part, for some rapid
and massive in some ical groups, like cichlid
fishes, birds and mammals.

INTRODUCTION

Several recent publications have pointed out the discovery that many new species of frogs
remam to be described m St Lanka (DUTTA & MANAMENDRA-ARACHCHI, 1996, PETHIYA-
GODA & MANAMENDRA-ARACHCHL 1998, MIFGASKUMBURA et al., 2002a-b, Pennist, 2002;
BossuvT et al . 2004) and probably also in southern India, especially in the Western Ghats
(Buu, 2002} If confirmed, these findings would much more than double the number of frog
species in Sni Lanka, and increase significantly the number of amphibuan species i India,
Most of these new species are members of the genus Phidatius Gustel, 1848, a group of small
tree-frogs belonging, according to the taxonomy adopted, either to the subfamily Rhacopho
rinae of the Ramdae (Dusois, 1992, Bosst YT & DuBois, 2001} or to the family Rhacophort-
dae (Viners & GLaw, 2001; WiLkinson, 2003) These frogs lay egg clutches i terrestrial
shelters (.n leaf litter. under stones or batks. etc.), where these large unpigmented eggs
undergo direct development.
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The mformation so far published on these findings is quite insufficient and unsatisfac-
tory The only hard data available are cladograms based on genetic sequences in 57 “species’™
from Sr1 Lanka and neighbouring areas (MEEGASKUMBURA et al., 2002a; BossuyT etal., 2004)
These molecular data are not to be found 1n the papers themselves, but m “Supporting online
material” (SOM) which most readers are unlikety to ever see (see Dugois, 2003d). More
importantly, the “new species” are yet to be properly compared (not only from a molecular
point of view, but also tn morphology, bet 1cs, etc ), d d, described
and named, and the genus Phrlautus as a whole 1s stil in bad necd of a taxonomic revision
(Dusols, 2004«). However, despite the paucity of genuine scientific evidence, the high number
of undescribed species 1n Sri Lanka and southern India is certain. Pending a serious generic
revision of the S Lankan and Indian rhacophorines, and the proper description of the
unnamed species, we have to face the fact that Sri Lanka currently harbours more than five
times more frog species than had been beheved by former authors (e.g. GUNTHER, 1864;
BOULFNGER, 1890; KIRTISINGHE, 1957; Dt r1a & MANAMENDRA-ARACHCHI, 1996), and that
probably many more species were present there still one century ago, before the massive
deforestation of this 1sland n the 20" century (PETHIYAGODA & MANAMENDRA-ARACHCHI,
1998; BaHIR et al , 2002). A simular, although perhaps less extreme, trend also no doubt exists
in southern India, especially in the Western Ghats (Buu, 2002) These two regions (St Lanka
and the Western Ghats) have long been considered a single biodiversity region and hotspot,
although they show important faunal diffierences and should rather be considered two distinct
hotspots (BossuYT et al., 2004).

The discovery that Sri Lanka harbours a batrachofauna much richer than most other
ones 1n the world, mcluding in various other tropical regions, and possibly richer than any of
them (see PETHIVAGODA & MANAMENDRA-ARACHCHI, 1998. 4), is puzzling, as highlighted by
the journal Sctence (PENNisI, 2002). The comments on this finding published by this journal,
however, are disappointing, as they do not suggesi a serious scientific hypothesis to try and
account for this fact. MEEGASKUMBURA et al. (2002¢) simply wrote i this respect. “the
persistence of so many species 1s striking and may be atiributable to a combination of
terrestrial eggs, direct-developing embryos, and high fecundity {up to 91 ova per clutch)™.
How a combination of these three “factors™ nught explaim the unusual high number of frog
species of this region remains a mystery Most of the comments from “experts” provided by
Sctence (PENNIS) 2002) on this discovery are not more enlightening regarding the question
“"Why are there so many frog species in Srt Lanka””, a single one being relevant m this respect.
“[Their] water-free hfestyle “gives species a lot more latitude,” McDiarmid explains, and ‘lends
1tself to geographic solation and speciation™ (Pesist, 2002 341), This suggests that terres-
trial direct-development muight favour speciation through [ecological”] “latitude™ and “geo-
graphic 1solation™, but evidence for these two suggestions. and even a detailed explanation of
“how 1t could work”, are wanting

To the best of my knowledge, two alternative hypotheses trying to explain the high
number of Phtartus species in Sri Lanka have been published. Interestingly. they are quite
opposite The first one (PETHIYAGODA & MANAMENDRA-ARACHCHL 1998 4) relies on the
restricted dispersion abilities of these frogs “a feature remarkable among the Sri Lankan
Rhacophendae i1s the exceedingly small range of d.stribution of many species, often less than
0.5 km" () Das (i htt,) suggests that the high diversity obsersed might be i part
attributable to their mode (direct d 3, which probably restricts their
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dispersion, unlike in species with aquatic eggs or larvae, which could disperse with flooding or
fowing water (high diversity and local endemucity are also observed in the Neotropical frogs
of the genus Eleutheroductylus (Lept , many of which breed 1n phytothclms),”
The second hypothesis, co-signed by the same authors (MEEGASKUMBURA et al , 20026 12),
states exactly the contrary. “It appears that direct-developing specics have the potential to
undergo rapid adaptive radiation in part through being independent of aquatic habitats,
permitting their dispersal throughout the available expanse of humid-forest.”

As a rule, breeding Philautus populations seem to be quite small (much smaller, at least,
than populations of most frog species in open habitats) and tend to have strongly patchy
distributions, with groups of males calling m bunches of close bushes, separated by large areas
without calling males (repeated personal observations in forests of Sri Lanka, southern India,
Nepal, Thailand and Yunnan), Thus, these frogs are not uniformly distributed on the forest
floor. However, 1n this genus virtually nothing 1s known on the population size, distribution,
behaviour and dispersal of non-breeding individuals, o particular of imagos: The fact that
these frogs do not depend on water bodies for the deposition of their eggs would rather seem
to speak for the absence of natural barriers between populations, which should rather be more
Lable than water-breeding species to meet and mix at breeding time in forested areas, but
breeding populations appear to be rather isolated from each other and 1t 1s not known whether
some ndividuals may disperse from one population to another and, if so, what are the
quantitative parameters of such events {frequency, proportions of individuals involved, etc.).
Pending detailed eco-ethological works on these frogs, which are currently wanting, the only
possibility is 1o make general conjectures. Direct development probably plays a réle in the
observed phenomenon, associated with the small size, very hmited range and semi-isofation,
of many Phiuutus populations. It would seem that beside the possible, but yet precisely
undocumented, hnuted population sizes and dispersion abilities of these frogs, another factor
may play a significant role in their igh speciation rate.

The present paper 1s devoted to the presentation of an hypothesis that could possibly
account, at least 1 part, for the seermngly unexpected discovery and, of possible ways of
testing this hypothesis. In a second related paper (Dusois, 2004¢), comments are offered on
related matters, i particular regarding ampiubian genene taxenomy

1 An o (Laun term meaning “1mage porira”, sec Dtsons 1978, 1997h) 1s 2 specimen stmiar n aspect to
the adult, but smatler and sexaally immature, which results either from metamorphosis (i species with tadpo.cs)
or from hatching (n species which develop nside egg capsuled This term should be preferred to the term
“metamorph” sometimes found in the literature for several reasons (1) 1t has more generality, as 1t apphes to
species with “direct development” which do nat show proper metatorphosts, but rather 4 continuous develop-
ment from embryo 1o 1mago. (2 the term “metamoph’ 1> unclear i measing and confusing Ths latter term has
neyver been properly ntroduced into scentific Merafure as a new technical term buts.mply used, without formal
defimuon, bt then m three Gtnet senses a) (o des.gnaic specimens derng (he process of metamorphos.s. (7)
0 destgnte metamorpnosed speaimens as opposed (o Larvae, (3) 10 devgnale metamorphosed specimens o
opposed Lo “neatend” of “pacdomorphic’ oncs. In spevies of genera that snow both kinds of developments.
Sunilarly the unambiguous adjective mmagnid (derned from mrago) should be used mstead of the term

metamorphic which s primarify a geosogial term refernng 1o metamorphsm and whose e 1 200logs 1
confusing for the reasons mentioned above
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ARE THERE INDEED MORE FROG SPECIFS IN SRT LANKA THAN ELSEWHERE?

Before discussing a possible hypothesis for the facts observed, the first question 1o ask is
whether these facts are indeed exceptional. Although 1 the first part of the 20" century a
number of bologi ing some zoologists, seemed to be confident that most of the
living anmimal species of our planet had been discovered and named, except in a few “obscure”
groups considered to be “of little nterest”., this idea 1s now completely abandoned In the last
decades, a number of studies have been devoted to this question and, although estimates are
difficult and poorly rchable, 1t 1s now widely acknowledged that only a small proportion of
these species have yet been recognized by zoologists: a conservative estimate 1n this respect is
that, with about 1.75 million species currently recognized as “valid” by taxonomsts (although
not really “known”, see DUBOIS, 2003¢), the latter have only surveyed about 10 % of the total
number of animal species sull living on our planet, perhaps even much less (HAMMOND et al.,
1995). This general estimate covers a very heterogeneous situation, as oaly a few groups of
vertebrates {particularty the birds) can be considered “well surveyed™, most higher taxa being
“poorly” or “very poorly surveyed”. Vertebrates as a whole are often considered to be “rather
well surveyed”, and, a few decades ago, many authors would have considered that this apphes
1 particular to the lning Amphibia, whose total number was believed to be rather low, a few
thousands only. This was merely a reflect of the bad standard of amphibian taxonomy
worldwide. In the second half of the 20'" century, a strong increase in the number of known
species followed the mcrease of field work 10 various parts of the planet, expecially in tropical
regions, and the introduction of new taxonomic concepts and methods (Dusois, 1998). As
shown in table 1, the number of specics ized as valid by ta sts has
tncreased 1n the last decades, and this trend should go on, at least as long as research positions
and funds are available for this work, which is not certam (see DuBois, 1998, 2003¢). Another
way to realize how bad the amphibian species of our planet are known is to consider that, of
4536 amphibian species described by zoologists by the end of 2000, no less than 20.9 < o were
only known from a single focality, and only 75 8 % from more than two localities (tab 2) had
not a little more than 1000 Jocalities been visited at lcast once, the number of amphibian
species recognized by taxonomists would be one quarter lower than now Furthermore, an
important number of the species yet reported from a single locality (the type-locality) are
currently known from a single specimen (the holotype), however, the sources used to compute
the figures 1n tab. 1-2 are too complete to allow a reliable quantitative estimate in this
respect,

In 2003, 5441 amphiban species were d (4761 Anura, 515 Urodela, 165
Gymnophiona), but, given the carrent rate of increase (tab. 1), 1t (s reasonable to predict that
zoologists have not yet collected, studied, described and named half of the amphibian species
that still live on our planet, perhaps even much less, and since many of these species are
currently threatened with extinction. a large proportion of them will probubly disappear
during our century before having been even encountered by man. or at least by taxonomists
(Dugots, 19974, 2001, 2003¢).
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Table . - Number of spectes of Iimg ampibians considered vahd by taxonomusts at different dates, according to several checklists or checklist updates, and avorage rate of
increase n ths mumber per year durmg the hustory of amphibian taxanomy {sec DUBO'S, 19875 101) The estimate for the year 2000 was obtained by adding the specres
Yeporicd i the Zowogtcat Record as having been described as new from 1997 (GLAW et al - 1998) to the end of the year 2000 Date. last year covered by the checkast or the
checklsst update.

Tl ramher | Avemge yourly merease]| Aversge pronor ona. | Average yearly ncrease] Average pr e —
Date Reference st I 4po o aeber e | yean mcresse e | 5 yearly. nérease simee sncel yeary m rease nace
Aot preced g date recedimg cate 68, 1768 1909 09
1768 | LAURENTI, 1768 57 - - - - - - g
1553 | DUMER L ol al 3854 24 206 360 % 206 361 % - - ]
D7 | Bo sinceR Inkda b 1003 1746 4% 830 1456% =
1969 | C RHAM, 1974 3343 26 90 268% 1615 2868% - -
1984 [ FronT 1955 4015 4430 134°% 1832 3214% 4480 134%
1992 | DUTT EMAN. 1993 4522 6338 158% 19.93 3496 % 51.26 153%
1997 | Graw efal . 1998 4975 9060 200% 2148 3768% 5829 174%
2000 | This paper 5208 7767 156% 22 3895% 6016 180%
007 | DUT_iaa & SCHUA ER_200% a4l 7767 149 2291 4019% 6171 185 %
I
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Table2  Information on the number of locahtics from where 4536 amphibian specics had been reported at the
end of 2000 This table was computed from the same sources as in tab 1, where the relevant data are
Yacking for many species, hence the total number of species lowe than m tab. 1

Nuraber of localities from which the species has been reported Number of species | Percentage of specics
A single locality (type-locality) 949 209%
Type-locality and “vicinuty”, or two localaties only 151 33%
More than two localities 3436 T58%

Thus the question may be asked, whether the situation encountered 1n Sri1 Lanka (and
possibly also in southern India) 15 indeed exceptional, or only results from the amphibian
fauna of these areas having been particularly neglected until now, which is certainly true
(Dusgots, 1999, contra INGER, 1999). A tentative reply can be obtamed by looking at some
figures According to Goraam (1974), 3343 amphibian species were recognized as valid by
taxonomists in 1969, and this number has raised to 5441 in 2003 (tab. 1). thus the increase over
this 34-year period was of 2098 species, i.e. 62.8 % of the 1969 figure. The number of species
oceurring in Sr1 Lanka considered as vatid by KiRTISINGHE (1957, followed by GORHAM, 1974)
was 35; according to DUTTA & MANAMENDRA-ARACHCHI (1996), this number had risen to 53;
now, according to PFTHIYAGODA & MANAMENDRA-ARACHCHI (1998), the inclusion of the new
species discovered i Sr1 Lanka before 2000 (but not yet described) 1s about 131, i e. a increase
of about 274.3 % of the 1969 figure over the 34-year period 1969-2003. Fven 1f these figures
are app and possibly ex d (but also possibly underestimated). 1t 1s quite clear
that the order of magmitude in the merease of species is much higher in Srt Lanka than the
average rate over the whole planet A similar trend was 1dentified n southern India
(Buu, 2002} A similar increase seems to have been observed in a single other region of
the world, central and southern America, where a major contribution to this increase 1s due
to the description of many new species of the genus Elewtherodactyius over the recent
decades.

However, a strong increase n the number of recently discovered spectes has also been
observed in other tropical regions of the world, and 1s therefore not by utself evidence that the
total number of species of St Lanka and southern India is exceptionally higher Evidence in
this respect comes from a rough estimate of the number of known species per surface 1n a few
“megadiversity” countnes of the world, as presented by PETHIYAGODA & MANAMENDRA-
ARACHCHI (1998) the species density per 1,000 km” was estimated as 0 06 in Brazil and India,
009 in Zaire, 0 13 1n Indonesi, 0 22 1n Venezuela, 0 36 in Colombia, 1 3 in Ecuador. 2 75 in
Costa Ricaand 3.9.1n Sri Lanka Even if such esumates are not directly comparable, as they
do not take .nto account various parameters that are likely to influence species diversity (such
as latitude, altitude, climate or vegetation type), they also point to a difference in the order of
magmiude m the number of species for a given surface between Sr Lanka (and southern
India) and other tropical countries.

Another important consideration 1s that, of the 131 spectes estimated by PeTHIY AGODA.&
MANAMINDRA-ARACHCHI {1998), 93 (1.e, 71 ¥) are reported to be “rhacophorid spec.es™,
and that the vast majority of the latter are likely to be members of the genus Philautus, as
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defined by Dusois (1987} and BossuyT & Dusols (2001)2. It 1s therefore very likely that the
exceptional amphibian radiation observed n Sri Lanka is mostly, if not only, due to unusual
species diversity in thus genus, but not i all other genera, inctuding endemic ones of Sri Lanka
(Adenomus, Lankanectes, Nannophrys) (DuTTA & MANAMENDRA-ARACHCHI, 1996,
MANAMENDRA-ARACHCHI & PFTHOYAGODA, 1998, VENCES et al., 2000; DuBois & OHLER,
2001a). The situation 1s similar 1 southern India, at least in the Western Ghats (Buu.
2002)

For the purpose of the present discussion, we will consider 1t very hkely that Sri Lanka
(and possibly southern India), mostly on account of the genus Phuautus, just like central and
southern America on account of the genus Eleutheroductylus, do indeed harbour exception-
ally high numbers of amphibian species, many of which are very similar in aspect and have a
very limited distribution, both factors that certainly contributed to the long underestimation
of the number of frog species in these areas. If we consider this fact as most likely, what could
be 1ts explanation?

AN EVOLUTIONARY HYPOTHESIS

The vast majority of the new frogs recently discovered in Sr1 Lanka (and southern India)
belong 1n a single genus, the tree-frog genus Philautus Gistel, 1848. As redefined by Durors
(1987, 1992) and reviewed by Bosstyt & Dusols (7001) this genus now only mz.]udes
direct-developing frogs In frogs, “direct devcl called “endotrophy”
(e.g.. MCDIARMID & ALTIG, 1999), designates a mode of development that skips the usual
free larval stage of anurans, the embryo’s growth and differentiation being supported only by
the resources that were available from the start within the envelopes of the egg. as vitelline
reserves. In the genus Phudlantus, such eggs are not deposited 1solated, but as groups or
“clutches™ of eggs usually hidden under terrestrial shelters (under stones. leaf litter, tree
barks, or in holes) During the whole development of the eggs, the latter remain together
in this shelter, at hatching, the imagos lcave the eggs and disperse on the ground and
1 the surrounding vegetation The hypothesis proposed here 15 that these developmental
particulartties, by themselves, constitute particular ecological conditions hkely to facilitate
spectatton, through a mode of mortality that 1s different from that usually encountered n
frogs.

2 Miraashumiea et al (20071 presented as a novelty the findung, shown m their moleular vadogram  that
the Sn Lankan species” wsually” referred to the chacophonid genera Thelodernia Tschuds, 1838 and Rhacophorus
Kuhl & Van Hasscll, 1822 are not closely related 1o the other specics of thesc (wo genera but are c.osely related
ta those of (he Sti Lankan spevies of the genus Phifatinis This statement del.berately ignared several presious
publivations where the same nypothests had already been proposed w.thout anty use of molecutar data. thus,
Prrvs (1860) At {1931) and KikpsinvGhr (19571 had a ready placed the species Pof, pedates schanarda helaatt
1854 (referred to £ hcdidernia by LI, 1970, DUt iA & MANAMENDRA-ARSCHU HI. 1996 and Bosst y T & Dt wors
2001) m the group now known as Phcuries and DUBUIS (1987, 1992, 1999, Bosst vi & Dt gors. 2001) had
already removed .l S Lankan species placed by earher authors oy Rl ophors from that genus, 10 place them
10 Prrdaniies. Actaay. molaning hese latter species m Rhucopheras (as done e g by DUTTA & MAMMINDRA-
ARACHCHI 1996 and Pr1HIYAGO0A & MANAMUNDRA-ARACHCHL 1998) was already obsolete mach before the
Sctonce paper (DUgors, 19991, and the latter should rather have stated that .Cconfrrred the vaadity of thes action
rather 1han presenting it as new.
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This hypothesis was already proposed earher, as follows. “The particulariuies of mtra-
and interspecific variation in [the genus Phrlautus] (intraspecific variability often higher than
morphological differences between related species), where ‘sibling’ species (dualspecies)
often have very different calls (personal observations in southern India), might be related toa
particular mode of natural selection, d with the d and devels
modes of these species. As a matter of fact, in the species that lay numerous eggs in water, the
tadpoles later disperse more or less, and are all submitted similarly to selection, which results
in a roughly Gaussian distribution of characters i the population. In contrast, in Phlautus
and 1n other groups with terrestrial clutches, contaming a small number of eggs, the latter are
certainly submutted to largely random but massive mortality: a given clutch, deposited by a
female, runs the risk of being discovered by a predator, which then can destroy it completely,
but 1t can also remam undiscovered and reach safely overall eclosion.” (Dusois, 1987: 71,
translated).

For more clanty, we may consider an hypothetical and very simplified example. Let us
compare the sympatric populations of two different frog species of the same size, having
sumilar demographic conditions, i €. a reproductive population of 5 males and 5 females, each
female pairing with a single different male and laying 10 eggs, that will develop into 5 males
and 5 females, and all adults dying after first reproduction. Let us further hypothesize that
both populations are completely 1solated, 1.6, without imigration or emigration during the
period considered. Species A lays its eggs 1n water, where they hatch after embryonic
development, giving birth to tadpoles that spread in the water body, where they live randomly
distributed, until they metamorphose into 1magos. Species B lays eggs clutches under terres-
trial shelters, where the eggs undergo direct development until they hatch as imagos. Let us
now constder that, 1n both populations, mortality between egg-laying and the stage imago 1s
80 “». 1.€.,1n both populations, 50 eggs are laid, 10 of which only reach the stage imago. Let us
consider that this mortality 1s caused by predators, e g snakes In population A, snakes will eat
40 tadpoles among the 50 randomly distributed in the pool, whereas n population B they will
discover and eat 4 egg-clutches out of 5. It1s quite clear that, 1f the only surviving clutch bears
special characters, these will be widely distributed 1n the frogs resulting from this clutch, much
more than in the population with tadpoles.

In some extreme situations, one generation may be enough to result in the total replace-
ment of one allele by another 1n 2 population. ThAS is the case e g. 1f 4 mutation takes place m
a sex-linked gene borne by the I Ily if this mutation occurs
very early 1 the germ-line, (deally in the first primordial cell at the onigin of the whole
germ-line of an embryo In anurans both male and female heterogamy do occur (DUELLMAN
& TRUEB, 1985: 447, 450) The situation in Phudarus in unknown, but let us hypothesize that
1n this group, Iike in several studied ranids, the heterogametic sex 1s male (XY/XX type). If a
mutation m occurs 1n the Y chromosome of the first primordial cell of an early embryo, all
spermatozoa resulting from the divisions of this cell and bearing the Y chromosome (1 €., half
of the spermatozoa of this ndividual) will bear the nz allele, and all males resulting from
ferthzation of eggs by these spermatozoa will bear the mutation »#. So, among our 5
hy pothetical females, one will produce 10 embryos, all 5 males of which will bear 71, whereas
the 20 males produced by the other nine females will not. Now, under the schematic model
developed above, the fate of the 5 m-bearing males will be very different 1n the two species. In
the species with tadpoles, mortality among the 25 males will be random, and the probability
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that the 5 surviving tadpoles bear m will be 5/25 x 4/24 x 3/23 x 2/22 x 1/2] = 120/6,375,600
=0.000019: thus the complete fixation of m in one generation will be a very unlikely event. On
the other hand, i the direct-devel species, the probability that the $ surviving males be
bearers of mwill be 1/5 — 0.20 Thus, 10 thys very special case, a single generation could easily
allow fixation of a mutation n a population in a direct-developing species, whereas the same
event would be very unlikely m a tadpole-developing species. As 1t 1s known that, in some
cases, speciation can result from a single mutation 1n a single locus (see references and
discussion in Dupois, 1988: 42), 1t is obvious that, in this example, speciation could be
facilitated by the mode of mortality, which may be qualified of “familial” in direct-developing
frogs, vs. “individual” 1n species with tadpoles.

Of course, this example 1s very schematic and simplistic, as the same result would not be
obtamed 1f an ic or h sex ck was mvolved. in this case, even
with the same demographic figures, several generations would be needed to result m the
fixation of a new allele in the population, and then many other factors would mterfere, such
as population effective breeding size, population range, dispersal (mmigration and emigra-
tion), longevity, “selective values™ of the initial allele and of the mutation m, etc Many
models could be computed using various values for all these parameters, but they would be of
little interest as long as we do not have more information on the actual values of these
parameters in the populations of frogs considered It s clear, however, that familial predation
on alfeggs of a female at once (or survival of all these eggs altogether) entails different results
from random mortality of individuals in a mixed population Could this factor explain the
seemingly hugher spectation rate in Srt Lankan Phiuutus than i other frog groups? There are
several ways to test this hypothesis. One 1s to have a look at some metataxonomic data (as
defined by Duois & OHLER, 2001).

DEVELOPMFNTAL MODE AND SPECIATION IN FROGS

Early anuran development can follow several rather different pathways (see eg.
McDiarvip & ALTIG, [999). A majonty of anuran species have free aquatic tadpoles that are
“exotroph”, i.e. that feed on bacterial, vegetal or animal resources found 1n the aquatic
environment where they live. As this mode of feeding requires a behavioural and energetic
mvestment for foraging. 1t can also be called ergotrophy (from the Greek ergon, “work™) The
transiion from the egg-enclosed embryo to the imago through such a free larval stage with
active feeding 1s widespread, dommant and probably plesiomorphic in amphibians (but see
BoGarT, 1981), whereas other developmental modes are all apomorphic relatve to the
former These dernved modes of development are often collectively designated as “endotro-
phy” (e g, THIBAUDEAL & ALTIG, 1999), which is mcorrect as in some of them only the
feeding 1s really internal (inside the egg), whereas in some others 1t comes from the parent or
from brothers and sisters, 1€ from outside the egg {although mside one of the parents) It
scems better to use the unambiguous term fecthorophy (WoLRms, 1981) for feeding only
upon the mternal vitelline resources of the ege For the more general category of all
developmental modes that are not dependent from foraging for external feeding. I propose the
new term argiofropin (from the Greek argra, “idleness, maction™). This category includes
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species whose development takes place ether within the gemtal tract or another pouch 1n one
of the parents, or within the egg capsules, the eggs being deposited 1n some terrestrial or
arboreal shelter. As discussed in more detail in a second paper (Dugais, 2004¢), this category
15 as far as devel | pathways are concerned, but from an ecological
point of view and for the purpose of the present discussion, 1t 1s a relevant category, as in all
these cases the following conditions are met- all eggs of a clutch remain together during a large
portion of their development, either as a clutch hidden 1n some shelter, or kept within the
adult, during all this part of their development, these eggs are likely to be either discovered
and destroyed altogether, or to remain undiscovered and safe. Thus all these cases are
submutted to familial, not to individual, mortality.

The development of many species of anurans being still unknown, no complete review of
the two major ecological categories of frogs regarding developmental mode is possible for the
time beng, but the information available, as gathered by ALTIG & McDIARMID (1999), is
presented in table 3. The taxonomy of amplibians being in constant change, the precise
figures of such a table are bound to be obsolete before being published, but the general trends
are ikely to remam the same, at least for a few years. To prepare this table, a taxonomy slightly
modified from the list in DUELLMAN & SCHLAGER (2003: 456-484) was followed®, and each
anuran genus was referred to either of four ecological categories, defined as follows: (T)
genera known to have free aquatic tadpoles (at least briefly described 1n at Ieast one species),
{A) genera known 1o have another mode of development (argiotrophy), without free aquatic
tadpoles (at least briefly described 1n at least one species); (B) genera with both categories
{among the species currently referred to the genus, at least one 1s known to have free aquatic
tadpoles, and one to be argiotroph): (U) unknown (the development of all species of the genus
18 currently unknown)y

Information on the development is available for at least one species of 325 anuran genera.
Among them, 227 genera (1€, 69 80} are known to have at least one species with free
tadpoles but no reported argiotroph specics: 93 genera (1.e, 28 6 °¢) are known to have
argiotroph specics but no reported species with free tadpoles; and only 5 genera (1.e 1.5 ) are
considered to include both kinds of species.

The argiotroph species are not randomly distributed among anurans. The latter are
divided by a number of recent authors {e.g , Sokor, 1977) 1 two groups or suborders, the
Discoglossoider and the Ranowder?. Interestingly. arglotrophy s much rarer n the Discoglos-
sotder, where tt1s known in 7 7 % of the genera (2/26) agamst 30 2 %,{98/325)1n the Ranotder,

3 This list 18 anrel.able for several groups. a5 some tuxa appear twice un different parts of the c.assilication e g .
Shatcopc of Iugerunct bubicnses). some species are misplaced according to the classif.cation chosen (¢ g . in the
genetd Hoplonatraciis, Limonec iev, Megoplrs s. Phiatis of Rana). some names (¢ g . Ban bind) arc lack.ng
altogether whereas others are bsted as valid w.thout explanation altagagh they are currently considered janior
subjective synonyms (e ¢ .n the genera Antclops Biufo. Lonoice ¢ Pakaudics or Rana) Strangely enoagh, tis
It 15 1ot always consistent with the taxonomes presented for the familics in the chapters of the book itsell
(HUTCHNS €Ll - 2003) For example. n the Ran.dae the mformation concerning scveral tixa (e 2 Aniofaps
Eletchglossct. Fogervir . Ingaran, Lamoncctes Occato- g, Ocderratie. Sphaeratheed of Strong, lapus) ate not
ompattb.e witn those .n the chapter devoted to th's fanuly (DUBOIS 20035, In tables 34 here, the Camuly
Ranidac s anderstood as mncludimg the eleven subfamilies isted i the latter chapter as wel. as the sablamihies
Mantellinae and Rhacophorinae. This consersative approa h secms best until a robust paylogenet.c hypothesis
1 agreed upon by many workers concerning the relationships between all these groups.

4 These suborders are sometmes valed (g Fri1ir & Hipols. 1998) Archacobatrachia and Noobatrachia
but these 1wo names are (nvahid beng jamor homonyms (DU sors 1984, 2004A)
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Table 3 - Some data on the higher taxa (suborders and famulies) of anuran amphibians number of
known genera and species (shightly modified from DUELLMAN & SCHLAGER, 2003, see note

3), developmental

modes (shightly medified from ALTIG & MCDIARMID, 1999).
Developmental modes of genera (see text for details): T, ergotroph with free tadpoles; A,
argiotroph, B, both argiotroph and ergotroph with free tadpoles developmental modes
reported in genus; U, unknown,

Number of ‘Number of genera (and of species n these genera)
Suborder Famly genera with given developmental mode
(and species) T " 5 o
Discoglossoider Ascaphide 12 1@ ] 0 ]
Bombinatoridae 2010) 1®) ] 0 1)
Discoglossidac 210) 200) [ 0 o
Lowopelmatda 14 o 16) 0 ]
Megophrysdoc nqen wazm 0 o o
Pelobardse 3ay qy J 0 0
Peiodytidae 1) 10) ] [ 0
Ppucac 500) 123 [ 1y 3
Riunophrvmudae 1m 10} ] ] q
Tota) 270198 24033 140 17 12
Ranoides Allaphiynidas 10 ] 0 ] 1
Anthroleptidac 6(76) 44y 205 o o
Brachycephulidac 16 [ 16) [ o
Bufomaac 35 (248) 16(389) 1509 0 4o
Centrolenidac 30136 1(3) 0 0 0
Dendeobatudse 10 @01 9(98) 0 1303 o
Helcophrynidee 16) 16 0 9 o
Hemisotidac 140) 100) o [ o
Hylidae 329 35736 401 166) 300
Hyperutuda 19.248) 15043) 0 0 45
Leptodactylidae 49.(1085) 33625 132 16 2
Lirmodynasudas 1069) s | aw 0 I
Mhrerohylidac 66.156) ww | B 0 4
‘Myabatrachidae 13¢7) 6(65) | 566 0 2
Ranudne 61 11040) asaom | nam 18y a0
Rhinodeamatidse 1@ [ ) ) [
Sooglossidae 2 [ 20 0 o
Toal 323 ¢563) 2033010y 92012%) smn nen
o W 460 prton T 5 200 3
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a matter that should call future attention from the phylogenetic pomnt of view. The only
two genera of Discoglossoidei in which some species are reported to be argiotroph are
Pipa Laurent, 1768 (where embryos develop on the back of the female and rely on
their vitelline reserves alone for development) and Leiopelina, with two different kinds of
argiotrophy (with free non-feeding tadpoles in dorsal pouch of father and with direct
development within egg capsule). Besides, THIBAUDEAU & ALTIG (1999: 172) listed the
Megophryidae among the families including at least one “endotroph™ species, but this
was based on a i of direct-devels eggs of Phiautus aurifasciatus
{Schlegel, 1837) as Xenophrys longipes (Boulenger, 1885). a mistake corrected by LEONG &
Crou (1998).

In contrast, in the Ranoidei, a vast array of argiotroph developmental pathways have
developed. The distnibution of argiotrophy within the various famulics follows no clear or
consistent paitern’ this category is found in various groups that have no direct cladistic
relationships, which suggests that these derived modes of development appeared indepen-
dently in these groups and are therefore homoplasic. This was precisely documented in some
cases only (MarMayYou et al., 2000), but is very likely in several others. In a few cases however,
retention of a silent “direct d program” in tadpole-developing specics, or the
reverse, probably occurred (see Dusois, 2004¢).

Argiotroph species are reported only 1n 13 of the 20 families currently recogmized in the
Ranoidei. Among the 299 genera of Ranoider for which information is available for at least
one species, 203 {i.e., 67.9 %) are known to include only species with free aquatic tadpoles, 92
{1.€..30.8 %) are known to include only argiotroph species, and 4 (1 ¢., 1.3 %) are considered to
include both.

The hypothests presented above 1s that taxa (genera, families) including species confron-
ted with “famil:al” mortality would tend to have lugher rates of speciation than taxa with
spectes submutted to “individual” mortality. An empirical confirmation of this hypothesis
would be provided if anuran genera including argiotroph species had a higher mean number
of species than genera with free tadpoles. As a first apparent confirmation of this trend, the
most speciose anuran genus 1s the direct-developing Lleutheradactvius Dumeril & Bibron,
1841, which, with about 680 species known 1 2003 (and perhaps as many yet to be discovered
and described), 1s also the most speciose genus of all vertebrates. However, this trend 1s not
confirmed over the whole group of anurans, at least i the current state of knowledge Over
the 325 anuran genera for which developmental data are available (tab. 3), the mean number
{x t ) of included species 1s 14.1 + 34.3 (range 1-326) for the 227 genera that include only
species with free aquatic tadpoles. and 15 6 + 69 9 (range 1-682) for the 98 genera that include
at least one argiotroph species. The difference ts not statistically significant (Mann-Whitney U/
test U=9776.5, P=10.09), but this 15 of little meaning as a large majority of the anuran genera
include very few species. Table 4 gives the number of known species of the 43 most speciose
genera of anurans (1.e., tncluding more than 20 species), with their known modes of develop-
ment. here also, the mean number of species 1s hugher m the 10 genera including at least one
arglotroph species (114 0 + 201.3, range 22-682) than 1n the 33 genera known to mclude only
species with free aquatic tadpoles (66 5 + 69 4, range 21-326), but, given the large variance in
each group, the difference 15 still not stanstically sigmificant (Mann-Whitney Utest U = 155,
P=0.77)
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Table 4. Some data on the 43 genera of anurans with the lughest numbers of specics (from the
same source as in table 3) Developmental modes of genera (sce fext for details) T,
ergotroph with frec tadpoles, A, argiotroph; B, both argiotroph and ergotroph with free
tadpoles developmental modes reported in genus; U, unknown,

Ruok Family Genus Nuaiber of species | Developmental mode
1 Leptodacty rgac Erewtherodaciylus Dumenl & Bubron, 1841 682 A
2 Hylidae Hya Lawerti 1768 326 T
5 Bafonudac Bugo Lauren, A 768 247 T
[ Ranidac Rara Linnacus 1758 21 T
5 Eyperolndac Hyperalus Rapp, 1842 uz T
3 Hylidas Litorta Tschudi, 1838 nz T
7 Dendrobatidae Colosteinms Cope. 1866 103 B
[ Hylida Seunax Wagler, 1830 87 T
9 Ranidoc Phifavtus Gestot, 1898, 8 A
10 Bafon dac Atelopus Dumenl & Bibron 1841 7 T
I Randac Rhacopharus Kune & Van Hasse.t, 1827 ) T
n Ran.dac Phryriobatrachas Gunther, 1862 9 T
[ Ran dac ‘Mantidactylus Bowenger, 1893 8
[ Leptodactyl dac Leptodactylus Frizmger, 1826 62
15 Centro gnidae Cochranclia Tayor 1931 61
6 Ranidae Tumonectes Frtanger, 1843 53
17 Hypercl wdac. Leptopeius Gnther, 1859 51
[ Randae Plalymantts GUnther, 1859 5 A
® Ranidse Boophus Tschudh 1838 @ T
19 Ranidag Piychadena Baslenger, 1917 a7 T
B Ceplodactyt dac Teimatobus Wicgmann 1815 7 T
2 Hy utoc Gustrothea Fiizinger, 1843 % )
2 Ceplodacty dac Physatoemas | \znger, 1826 [N 1
zo Centro.enidac Ceniroienz ¥ méney de 1a Fsgada, 1877 [0 il
% Ramdae imoteps Cape 1863 % T
% Centrolenidae Ruiz-Carmanza & Lynch, 1991 38 T
7 Scunger Theovald. 1868 ] T
2 Dendrovat.dae Dendrobaies Wagier, 1830 i T
2, Hypero_wdac Afrixaius Lavrent, 1994 32 T
30 Leplodacty dac Phrynopus Peters, 1874 ] A

Gigrrana ror, Ve & Huang 1991 30, T

Micronyldac Cophuatus Bositges, 1892 2 7}
Dendrobatidac, ppedobares Myers. 1987 2 T

Hylidas Prvitamedisa Wagles 1830 3 1

Ranidac Pau Dubors, 1976 E .

36 Mucrony dac Orenphryne Bocttger 1895 % [
37 Veplodacty ae Crelorampines Tsch1d_ 838 2 T
38 Microhylidae Microhyla Tschucr, 1838 2 i
3 ylidae N cmpsies Steweger 1916 5 .
38 Myobatrach dac T pernceis Gray_1811 ) T
o Antheo eptidas Schoutedaenciia dc Wirte_921 2 A
2 Bafondac isoa St e 1870 [ 1
2 Megoprdac Hegopiuvs hunl & Van hasse L1822 : |
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Such an empirical approach to this question has only a very limted value, l”or several
reasons. Furst, the category of argiotrophy is ecol rather h the
question here posed (at least, all species i ths category are likely to be submll(cd to “familial™
mortality during deve ). but rather I in devel | terms, as dis-
cussed in more detall elsewhere (DuBois, 2004¢) Information available on detailed develop-
mental pathways is currently too scanty in most genera without free aquatic tadpoles 1o allow
for a more detailed analysis, For the time being, data are insuflicient (o allow to test
statistically the existence of significant differences regarding mean spectes numbers in genera
having different developmental pathways within the ecological category of argiotrophy

Second, comparison of the number of species per genus would make fully sense only if all
taxonomists were using the same “genus concept” However, despite precise proposals in this
respect (Durois, 1988), there currently exists no consensus among zootaxonomists about
“what 1s a genus", and there 1s no reason to think that the various genera of anurans are
“equivalent” by any standard (for a detailed discussion of this concept of taxonomic
equivalence, see Dusors, 1988. 59-67). Clearly, some genera (e.g., Hylu, Mantidactylus
or Rhacophorus) are rather heterogeneous assemblages that will most likely be dismantled in
the future, as was the case for Rana n the recent decades (see Durots, 2003b). Others appear
to be more homogeneous groups that may keep their status of genera in the future (e.g., most
of the genus Bufo). This question also 1s tackled again in more detail elsewhere (DuBOIS,
2004c).

Another major problem comes from the fact that all genera have not been submutted to
the same effort of work in the recent decades. A striking fact for all experienced taxonomsts
1s that the taxonomy of some frog genera1s more “difficult” than that of others, because they
show both a large overall similanity between species and unusual patterns of variation {with
some of the interspecific vanation overlapping intraspeafic varation). This no doubt has
acted as a break agamst their recent taxonomic revision. Among such genera, although not
alone, are some genera of argiotroph species, such as Phlutus mentioned above, or the
African Arthroleptis-Schoutedenetla complex. The possibility 1s strong that revision of such
genera, using morph L lecular, t € and 1c ch. ters, might
disclose the existence of many more species than is actually beheved For these reasons, this
empirical approach does not allow to really test the evolutionary hypothesis presented above.

Fumally, and perhaps more mmportantly, comparisons as made above are likely to be
staustically mvalid as they do not rely on phylogenetic mformation To be sigificant, such
comparisons should use cladograms as nput or be made between sister-taxa, but the
mformation available on the phylogenetic relationships between the 325 anaran genera
considered above 15 too incomplete to be used in this analysis, and restricting the comparisons
to the few groups of genera for which relable cladistic data are available would not allow
genuine stausstical comparison as the numbers would be much 100 low However, this question
should be kept n mund for the future, and considered again when our understanding of
phylogenetic relationships between anuran genera 1s well improved

For the time being, there are other possible ways to test the hypothesis presented above
As suggested above, models utilizing various populational, ethological and ecolog.cal
parameters could be devised to investigate the theoretical likeliness that arg.otrophy might
facilitate speciation in frogs.
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Another approach would be through biological comparisons within couples of phyloge-
netically related sympatric species of similar size and natural historics (except developmental
mode), one of which lays clutches of eggs that give birth to free aquatic tadpoles, whereas the
other one has another developmental mode, either in some external shelter or in some pouch
of one of the parents, Several parameters may be considered for such comparisons, such as
genetic polymorphism, heterozygosity and “genetic variance”, measured e.g with the 7
fixation index of WRIGHT (1965), or also cytogenetic differentiation, If the hypothesis above
is correct, argiotroph species should show a significant tendency to allele fixation 1n small
isotated populations. This does not necessarily imply that they would show significantly
different mean genetic polymorphisms or heterozygosities than species with free tadpoles,
because if predation on clutches 1s random the net effect on allele frequencies will be zero over
the course of successive generations. On the other hand, 1f the populations are ndeed quite
tsofated and small, they would tend to show local genetic drift and genetic variance between
them should be more mmpoertant than between similar populations of species with (ree
tadpoles.

Empirical data to support or refute this hypothesss are lacking, as until now argiotrophy
does not seem to have been particularly discussed as a pertinent factor in speciation rate,
genetic polymorphisit and evolutionary patterns in amphibians, WRIGHT's (1951) theories on
relationship between population characteristics and genetic structure would seem a good start
for such works. This was the case i INGER et al (1974)’s study dealing with several popula-
tions of Malaystan bufonids and ranids: evidence was found for lower genetic variation m
species with Imear distribution along streams and breeding among neighbours than in species
with large panmictic breeding aggregations. Unfortunately, this nice study was not followed
by others in other areas, that would have allowed to increase the sample size and test the
generality of these findings, More data are available in Urodela, but here also no study has yet
focused on a detailed comparison between related and sympatric ergotroph and argiotroph
speaies. In plethodontids, argiotroph taxa show great spatial heterogenety and very high
genetic variance between populations, although local heterozygosity may be relatvely low
(LARSON, 1984; LarsoN et al . 19845), which 1s congruent with the hypothesis presented
above The highest heterozygosities m argrotroph salamanders have been found in species with
dense populations (HANKEN & WAaKE, 1982; WAKE & YANev, 1986; Garcia-Paris et al.,
2000). Particularly relevant for the present discussion 1s the recent study by CRAWFORD (2003)
on mitochondrtal and nuclear DNA vananon n four Central American species of Eleuthe-
rodacivius, which showed considerable values of genetic variance between populations. This
author also found very large eflective population sizes in these species Applying a molecular
clock model, he concluded that the unusually high spectes diversity in the genus Efenthero-
i vius was probably not due 10 higher speciation rate but to old age, and he suggested that
“the tropics have functioned as a maseum of antiquity rather than as a cradle of speciation™
(CRAWFORD (2003 2537) However, whether the molecular clock model valdly apples 10
these taxa remains open to question

As for cytogenetic differentration, BOGART (1991} pomted out the importance of
demonstrable karyotypic changes mvelving moditication of chromosome number m the
genus Efentherodac iy fus He also remarked that karyoty pic dnersity seemed larger in “smaller
genera that contain species with terrestrially developing or direct developing eggs™ (BoGaRT.
1991 242, such as Arthiofeptrs., Cardioglossa. Fiatztana., Leptopels or dendrobatd genera In

Source . MNHIN, Paris



34 ALYTES 22 (1-2)

such groups, major karyotypic changes would occur by centric fusion and fission in small,
1solated it where would “fix ional events 13 a homozygous condi-
tion” (BoGART, 1991. 254). This mode! would seem more difficult to apply to large popula-
tions.

Such kinds of comparative studies would be worth undertaking both m frogs and m
salamanders. For more generality, such studies could be carried out in several taxonomic
groups and in different regions and kinds of habitats of the world To come back to the genus
Philaurus, which prompted ths reflexion and has never been the matter of detailed demo-
graphue, ecologcal, genetic and cytogenetics studies, 1t would appear most crucial to develop
such researches to try and throw more hghts on 1ts evolutionary patterns.

Should the hypothesis turn out to be supported, it could have far-reaching consequences.
If “familial” mortality indeed facilitates speciation, this fact might explain m part the high
rates of speciation and of evolution observed in some animal groups displaying parental care,
such as the birds or the cichlid fishes (with their striking radiation in the great African lakes'
see e.g JOINSON et al., 1996) or true viviparity, such as the mammals, Starting from other
premises, other authors (e g+ WILsON et al., 1975, BusH et al., 1977; WYLES et al., 1983;
Larson etal., 19844, SAGE et al., 1984) already discussed the factors possibly mvolved m such
cases of rapid speciation, and, although they insisted mostly on the role of chromosomal
evolution and of social behaviour, their data are not incompatible with the present hypothesis.
If the latter 15 correct, the unexpected high number of specics of Philawtus in Sri Lanka as
compared with the number of frog species m other parts of the world would be accounted for
by the fact that these Sri Lankan frogs are not precisel) frogs, at least not usual frogs with
aquatic eggs and larvae, but other “kinds™ of ammals. In fact, if one forgets the numerous
Plulantus speeies, the amphibian fauna of St Lanka does not appear m the least exceptional.
rather it would seem poorer than those of other areas of sumlar Jatitude, even in the same part
of the world. Is thus because of compettion with the unusually successful Philautus clade?
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